We present an experimental study of the two-dimensional S=1/2 square-lattice antiferromagnet Cu(pz)2(ClO4)2 (pz denotes pyrazine -C4H4N2) using specific heat measurements, neutron diffraction and cold-neutron spectroscopy. The magnetic field dependence of the magnetic ordering temperature was determined from specific heat measurements for fields perpendicular and parallel to the square-lattice planes, showing identical field-temperature phase diagrams. This suggest that spin anisotropies in Cu(pz)2(ClO4)2 are small. The ordered antiferromagnetic structure is a collinear arrangement with the magnetic moments along either the crystallographic b-or c-axis. The estimated ordered magnetic moment at zero field is m0 = 0.47(5) µB and thus much smaller than the available single-ion magnetic moment. This is evidence for strong quantum fluctuations in the ordered magnetic phase of Cu(pz)2(ClO4)2. Magnetic fields applied perpendicular to the squarelattice planes lead to an increase of the antiferromagnetically ordered moment to m0 = 0.93(5) µB at µ0H = 13.5 T -evidence that magnetic fields quench quantum fluctuations. Neutron spectroscopy reveals the presence of a gapped spin excitations at the antiferromagnetic zone center, and it can be explained with a slightly anisotropic nearest neighbor exchange coupling described by J 
Low dimensional quantum magnets are of great fundamental interest. Unlike three-dimensional magnets, they support strong quantum fluctuations which can result in novel quantum excitations and novel ground states. Case in point is the antiferromagnetic S=1 chain whose ground state features hidden quantum order and is separated by a finite energy from excited states 1, 2 . In contrast, antiferromagnetic S=1/2 Heisenberg chains are gapless and feature fractionalized spin excitations as the hallmark of quantum criticality 3 .
Increasing the dimensionality of a quantum magnet from one to two dimensions generally reduces effects of quantum fluctuations. The ground state of S=1/2 square lattice Heisenberg antiferromagnet (AF) adopts Néel long-range order at zero temperature. Nevertheless, strong quantum fluctuations arising from geometrical frustration may destroy long-range order in two dimensions.
Numerical studies of the two-dimensional (2D) S=1/2 Heisenberg AF on a square lattice using quantum Monte Carlo, exact diagonalization, coupled cluster as well as series expansion calculations reveal a quantum renormalization of the one-magnon energy in the entire Brillouin zone and the existence of a magnetic continuum at higher energies [4] [5] [6] [7] [8] [9] . In recent years, quantum renormalization effects at zero field have been studied using neutron scattering in a number of good realizations of S=1/2 square-lattice Heisenberg AFs [10] [11] [12] [13] [14] [15] . The addition of antiferromagnetic next-nearest neighbor (NNN) interactions destabilizes the antiferromagnetic ground state and increases quantum fluctuations: according to the J 1 − J 2 model [17] [18] [19] [20] , where J 1 and J 2 are the nearest neighbor (NN) and the NNN exchange interactions, respectively, different ground states are stabilized as a function of J 2 /J 1 . A possible spin-liquid phase appears to be the ground state for 0.38 < J 2 /J 1 < 0.6 and collinear order was found for J 2 /J 1 > 0.6. Our previous study 21 of Cu(pz) 2 (ClO 4 ) 2 has shown that even a small J 2 /J 1 0.02 ratio enhances quantum fluctuations drastically, leading to a strong magnetic continuum at the antiferromagnetic zone boundary and the inversion of the zone boundary dispersion in magnetic fields.
Here we present an experimental investigation of the 2D organo-metallic AF Cu(pz) 2 (ClO 4 ) 2 , a good realization of the weakly frustrated J 2 /J 1 0.02 quantum AF on a square lattice with J 1 ∼ 1.56 meV. Due to the small energy scale of the dominant exchange interaction, magnetic fields available for macroscopic measurements and neutron scattering allow the experimental investigation of this interesting model system for magnetic fields up to about one third of the saturation field strength. We combine specific heat, neutron diffraction and neutron spectroscopy to determine the spin Hamiltonian and the key magnetic properties of this model material. Specific heat measurements show that the magnetic properties are nearly identical for fields applied parallel and perpendicular to the square-lattice plane. This shows that spin anisotropies are small in contrast to spatial anisotropies, and that it is sufficient to perform microscopic measurement for just one field direction. Our microscopic neutron measurements, on the other hand, provide information on the spin Hamiltonian that explain the nearly identical HT phase diagrams for the two field directions. Specific heat and neutron measurements of Cu(pz) 2 (ClO 4 ) 2 thus ideally complement each other. Deuterated copper pyrazine perchlorate Cu(pz) 2 (ClO 4 ) 2 crystallizes in a monoclinic crystal structure described by space group C2/c, with lattice parameters a = 14.045(5)Å, b = 9.759(3)Å, c = 9.800(3)Å and β = 96.491(4)
•22 . The crystal structure is shown in Fig. 1 . The Cu 2+ ions occupy 4e Wyckoff positions and pyrazine ligands link magnetic Cu 2+ ions into square-lattice planes lying in the crystallographic bc-plane. The Cu 2+ -Cu 2+ NN distances in the bc-plane are identical and equal to 6.92Å 22 . The two fold rotation axis (0, y, 1/2) and the mirror plane parallel to the ac-plane ensure that all NN exchange interactions between Cu 2+ are identical. Tetrahedra of ClO 4 located between the planes (Fig. 1a) provide good spatial isolation of Cu 2+ ions and substantially decrease the interlayer interactions. Thus, perfect square-lattices of copper ions with a superexchange path mediated by pyrazine molecules are formed in the bc-plane (Fig. 1b) .
The magnetic susceptibility shows good agreement with that of the 2D S=1/2 Heisenberg AF with an exchange interaction strength of J 1 = 1.53(3) meV. Small interlayer interactions result in a long range antiferro- 
II. EXPERIMENTAL DETAILS.
In order to obtain the field-temperature (HT) phase diagram of Cu(pz) 2 (ClO 4 ) 2 we measured the specific heat as a function of temperature for different magnetic field strengths using the Physical Property Measurement System by Quantum Design. A single crystal of deuterated Cu(pz) 2 (ClO 4 ) 2 with mass m = 13 mg was fixed on a sapphire chip calorimeter with Apiezon-N grease. The measurements were done using the relaxation technique which consists of the application of a heat pulse to a sample and the subsequent tracking the induced temperature change. The specific heat was obtained in the range from T = 2 K to T = 30 K in magnetic fields of up to µ 0 H = 9 T applied parallel and perpendicular to the copper square-lattice planes. The measurements were done with the steps of ∆T 1 = 0.05 K, ∆T 2 = 0.2 K and ∆T 3 = 1 K in the temperature ranges T 1 = 2 − 6 K, T 2 = 6 − 8 K and T 3 = 8 − 30 K, respectively. Care was taken to apply a small heat pulse of 0.1% of the temperature step ∆T and each measurement was repeated three times to increase accuracy. Specific heat of Apiezon-N grease without Cu(pz) 2 (ClO 4 ) 2 crystal was measured in the entire temperature range separately and subtracted as a background from the total specific heat of the sample and grease.
The HT phase diagram and the ordered magnetic structure were studied by neutron diffraction using cold- neutron three-axis spectrometer RITA2 at the Paul Scherrer Institute, Villigen, Switzerland. A crystal with dimensions 7 × 7 × 1.5 mm and mass of m = 85 mg was wrapped into aluminum foil, fixed with wires on a sample holder and aligned with its reciprocal [0, k, l] plane in the horizontal scattering plane of the neutron spectrometer. Data were collected at T = 2.3 K and T = 10 K in magnetic fields up to µ 0 H = 13.5 T applied nearly perpendicular to the [0, k, l] plane using an Oxford cryomagnet. Measurements were performed with the pyrolytic graphite (PG) (002) Bragg reflection as a monochromator. A cooled Be filter was installed before the analyzer to suppress higher order neutron contamination for the final energy E f = 5 meV. We also used an experimental setup without Be filter, which allowed to use the second order neutrons from the monochromator with E i = 20 meV, thus allowing to access to reflections at high wave-vector transfers.
The spin dynamics in the antiferromagnetically ordered phase was measured using the cold-neutron threeaxis spectrometer PANDA at FRM-2, Garching, Germany. Two single crystals with a total mass of m = 1 g were wrapped into aluminum foil, fixed on a sample holder with wires and co-aligned in an array with a final mosaic spread of 1
• . Reciprocal [0, k, l] plane of the sample was aligned with the horizontal scattering plane of the neutron spectrometer. These measurements were performed in zero magnetic field and at temperature T = 1.42 K using a 4 He cryostat generally referred to as an Orange cryostat. The final energy was either set to E f = 4.66 meV or E f = 2.81 meV using a PG(002) an- alyzer. Data were collected using a PG(002) monochromator and cooled Be filter installed before the analyzer.
III. RESULTS.
A. Specific heat measurements.
The temperature dependence of the specific heat of Cu(pz) 2 (ClO 4 ) 2 is shown in Fig. 2 for different magnetic fields applied perpendicular and parallel to the copper square-lattice plane. At all fields, the temperature dependence of the specific heat reveals a well defined cusplike peak, indicating a second order phase transition towards 3D long-range magnetic order. Previous zero-field studies of Cu(pz) 2 (ClO 4 ) 2 did not show an anomaly in the specific heat 23 . Most likely, the high accuracy of our measurements played a crucial role in detecting the zerofield anomaly in the specific-heat curve. The small size of the ordering anomaly is a consequence of the low dimensionality of the magnetism and an ordered magnetic moment that, due to quantum fluctuations, is considerably smaller than the free-ion value. The HT phase diagram assembled from the specific heat measurements is shown in Fig. 3 . The measurements show that the Néel temperature increases with increasing magnetic field, from T N = 4.24(4) K at zero field to T N = 5.59(3) K at µ 0 H = 9 T.
We also observe an increase of the specific heat with increasing magnetic field in the paramagnetic phase just above the 3D ordering temperature. We propose that the field dependence of the specific heat data is a consequence of field-induced anisotropy in the 2D AF. In zero field, a pure 2D Heisenberg AF orders at zero temperature, but quantum Monte Carlo simulations 25 have shown that application of an external field induces an Heisenberg-XY crossover and leads to a finite temperature BerezinskiiKosterlitz-Thouless transition T BKT 26, 27 . One consequence of this crossover is the increase of T BKT with external field for up to H < H SAT /4 and then a gradual decrease of the transition temperature with increased fields. While the zero-field 3D transition T N in Cu(pz) 2 (ClO 4 ) 2 is driven by the combination of 3D interaction and intrinsic XY anisotropy, the increase of T N as a function of field may thus be driven by an increase of the effective anisotropy and the associated increase of T BKT . Similarly, we propose that the increase of the specific heat above the 3D ordering temperature is caused by the fieldinduced XY anisotropy: In the 2D antiferromagnet on a square lattice, 2D topological spin-vortices appear above the Berezinskii-Kosterliz-Trousers (BKT) transition as the preferable thermodynamic configuration. In applied magnetic field the vortices unbind above the BKT transition, leading to the increase of the specific heat above the ordering temperature. The anisotropy crossover thus affects the specific heat in a manner similar to the observed behavior 25 .
Remarkably, the HT phase diagrams are identical for fields parallel and perpendicular to the square-lattice planes. This suggests that the dominant exchange interactions between nearest copper spins J 1 in bc-plane are close to the isotropic limit in spin space. This should not be confused with the strong spatial two-dimensionality of Cu(pz) 2 (ClO 4 ) 2 .
B. Magnetic order parameter.
To determine the ordered magnetic structure of Cu(pz) 2 (ClO 4 ) 2 , several magnetic Bragg reflections were measured by neutron diffraction. Fig. 4 shows two magnetic peaks measured above and below the transition temperature at Q = (0, 1, 0) and Q = (0, 0, 1) using a final energy E f = 20 meV. This data directly demonstrates the presence of magnetic order below T N . The magnetic Bragg peak widths are limited by the instrumental resolution, confirming that the magnetic order is long-range. The field dependence of the magnetic scattering at Q = (0, 1, 0) measured using final energy E f = 5 meV reveals an increase of magnetic intensity as a function of field from zero to µ 0 H = 13.5 T as is shown in Fig. 5 . The magnetic scattering was determined by subtracting the non-magnetic background determined at T = 10K. The increase of magnetic diffraction intensity with field is most probably related to a quenching of quantum fluctuations by the magnetic field, that simultaneously also leads to the observed increase of the transition temperature T N . This result is in a good agreement with the specific heat data indicating enhanced XY anisotropy in the applied magnetic field. The intensity measured at Q = (0, 1, 0) at T = 10 K as the function of applied field did not reveal any magnetic scattering, showing that magnetic fields do not lead to field-induced antiferromagnetic order in the paramagnetic phase.
The critical magnetic behavior was studied by measuring the peak intensity of the neutron scattering at the antiferromagnetic wave vector Q = (0, 1, 0) and Q = (0, 3, 0) as function of temperature in magnetic field up to µ 0 H = 13.5 T. Typical scans are shown in Fig. 6 . The solid line display that the increase of the antiferromagnetic intensity in the ordered phase close to T N is evidently steeper for high fields. The HT phase diagram compiled from the temperature scans is shown in Fig. 3 and it confirms the phase diagram obtained from specific heat measurements.
C. Ordered magnetic structure.
The symmetry of the ordered magnetic phase was studied by neutron diffraction. Group theory was used to restrict the search only to magnetic structures that are allowed by symmetry. The magnetic Bragg peaks at Q = (0, 1, 0) and Q = (0, 3, 0) indicate that the magnetic structure breaks the C-centering of the chemical lattice and that Cu(pz) 2 (ClO 4 ) 2 adopts an antiferromagnetic structure for T < T N . Symmetry analysis revealed six basis vectors which belong to four irreducible representations and are listed in Tab. III (for details see Appendix A).
The analysis is complicated by the fact that the singlecrystal probably consists of two domains with interchanged b-and c-axis, which are nearly identical in length. A twinning of the single-crystal in this manner is indicated by the observation of both the Q = (0, 2, 3) and Q = (0, 3, 2) nuclear Bragg peaks with similar intensity, although Q = (0, 3, 2) is not allowed for a C-centered lattice.
The experimental data are consistent with both Γ 2 and Γ 4 irreducible representations listed in Tab. II and with two basis vectors − → φ 2 and − → φ 6 . It is not possible to distinguish between these two solutions because − → φ 2 of the bc crystallographic domain is identical to − → φ 6 of the cb crystallographic domain, and the fits were made assuming a equal population of bc and cb crystallographic domains. The ordered magnetic structure of Cu(pz) 2 (ClO 4 ) 2 can have magnetic moments aligned antiferromagnetically either along crystallographic b-or caxis as is shown in Fig. 7(a) and Fig. 7(b) , respectively. Due to a small number of observed magnetic reflections and the crystallographic twinning, our experiment cannot distinguish between these two magnetic structures. The collinear spin arrangement in bc-plane is consistent with the absence of the Dzyaloshinsky-Moriya interactions between NN. The spatial arrangement of the ordered magnetic moments in adjacent square-lattice layers is ferro-and antiferromagnetic along ab-and ac-diagonal, respectively. This is consistent with the chemical structure of Cu(pz) 2 (ClO 4 ) 2 , where the interlayer interaction pathway along ac-diagonal is shorter than the path along ab.
The value of the ordered magnetic moment was ob- tained from a minimization of δ = |R calc − R exp |, where R exp is the measured ratio of the magnetic Bragg peak intensity to the nuclear Bragg peak intensity, The wave-vector dependence of the magnetic excitations has been measured using neutron spectroscopy. Constant energy scans were performed near the antiferromagnetic zone centers Q = (0, 0, 1) and Q = (0, −1, 0) for energy transfer ∆E in the range from ∆E = 0.5 meV to ∆E = 3 meV and are shown in Fig. 8 . The observed magnetic peaks are resolution limited, indicating that these magnetic excitations are long-lived magnons associated with a long-range ordered magnetic structure.
Constant wave-vector scans were performed at the antiferromagnetic zone centers in the energy transfer range from ∆E = 0 meV to ∆E = 0.7 meV (Fig. 9a, b) . These scans reveal a magnetic mode which is gapped and has a finite energy E zc = 0.201(8) meV at the antiferromagnetic zone center. The energy gap at the antiferromagnetic zone center is attributed to the presence of a small XY anisotropy in the nearest-neighbor two-ion exchange interactions, because a single-ion anisotropy of type D(S z ) 2 is not allowed for S=1/2. Constant wave-vector scans away from the antiferromagnetic zone center carried out at higher energies are shown in Fig. 9(c) . The energies of the magnetic excitation at the symmetrically identical antiferromagnetic zone boundary points Q zb1 = (0, 0.5, 1) and Q zb2 = (0, −0.5, 1) are equal to E zb1 = 3.629(6) meV and E zb2 = 3.599(13) meV, respectively. The peaks observed in the constant wave-vector scans at Q zb1 and Q zb2 are resolution limited. This experimental fact together with the identity of the values E zb1 and E zb2 confirms the NN interactions in bc-plane are identical along the squarelattice directions. In case of different strengths for the NN interactions in bc-plane a broadening of the peaks at Q zb1 and Q zb2 would be observed. From our previous study 21 we know that there is also a small NNN interaction equal to 2% of the NN exchange interaction. Therefore the observed one-magnon mode was compared to the following model 2D Hamiltonian: )). This implies that the exchange anisotropy mostly affects the magnon energy close to the antiferromagnetic zone center, while the zone boundary energy remains nearly unaffected by the exchange anisotropy. In the 2D S=1/2 AF, the energy of a classical (large-S) spin-wave mode is renormalized due to quantum fluctuations with the best theoretically predicted renormalization factor Z c = 1.18 8, 9 . Therefore the energy at the antiferromagnetic zone boundary is equal to E zb = 2Z c J . The small XY anisotropy indicates that the dominant exchange interaction between nearest copper ions in bc-plane in Cu(pz) 2 (ClO 4 ) 2 , while spatially very anisotropic, is close to the isotropic limit in spin space, explaining the strong similarity of the HT phase diagrams measured in magnetic fields applied parallel and perpendicular to copper square-lattice (Fig. 3) .
The inelastic-scattering data were fitted with the Gaussian instrumental resolution function convoluted numerically with the model Hamiltonian (1). The result of the fits is shown by the red lines in Fig. 8 and Fig. 9 , and provides a good description of the observed spin waves. The color plot of the neutron scattering intensity, which is shown in Fig. 10 , summarizes the observed magnetic excitations in both crystallographic directions. The black lines display the result of the linear spin wave theory, showing that the observed dispersive excitation is well characterized by the Hamiltonian (1).
The measured spin wave dispersion is similar to that observed in another 2D square-lattice antiferromagnetic material, namely copper deuteroformate tetradeuterate (CFTD), where the exchange interaction strength is equal to J = 6.3(3) meV and the energy gap of E = 0.38 (2) meV is present at the antiferromagnetic zone center. However, the energy gap in CFTD is induced by the presence of small antisymmetric Dzyaloshinsky-Moriya interaction D = 0.0051(5) meV between NN 10,11 . Another example with comparable properties is K 2 V 3 O 8 with 2D NN exchange strength J = 1.08(3) meV and small energy gap at antiferromagnetic point equal to E = 0.072(9) meV 14 , which is described by Dzyaloshinsky-Moriya and easy-axis anisotropies 28 . In contrast, Dzyaloshinsky-Moriya interactions between NN in Cu(pz) 2 (ClO 4 ) 2 are forbidden by symmetry and the energy gap at the antiferromagnetic zone center is generated by small XY anisotropy.
We also studied the spin-wave dynamics along the an- tiferromagnetic zone boundary by performing constant wave-vector scans along the Q = (0, 0.5, l) direction from l = 1 to l = 2. Typical data are shown in Fig. 11(a-c) and the observed zone boundary dispersion is shown in Fig. 11(d) . The onset of the scattering at Q = (0, 0.5, 1.5) is reduced by 10.7(4)% in energy compared to Q = (0, 0.5, 1), confirming our recent independent measurement 21 . The decrease of the resonant mode energy at Q = (0, 0.5, 1.5) results from a resonating valence bond quantum fluctuations between NN spins 5, 15 . The observed dispersion at the zone boundary is slightly larger than expected from series expansion calculations and Quantum Monte Carlo simulations for 2D Heisenberg square-lattice AF with NN interactions 5, 6 and can be explained by the presence of a small antiferromagnetic NNN interaction.
In order to subtract a nonmagnetic contribution from the background in the energy scan at Q = (0, 0.5, 1.5) we performed measurements with the sample turned away from magnetic scattering. The background-subtracted data are shown in Fig. 11(a) . The width of the scattering peak as a function of energy at Q = (0, 0.5, 1.5) is clearly broader than the instrumental resolution. This implies the existence of a magnetic continuum scattering in this region of the antiferromagnetic zone boundary. The magnetic continuum with the present PANDA measurements is consistent with our previous investigation of Cu(pz) 2 (ClO 4 ) 2 21 . This non-trivial magnetic continuum and the dispersion at the zone-boundary result from quantum fluctuations in Cu(pz) 2 (ClO 4 ) 2 which are enhanced by a small antiferromagnetic NNN interaction.
IV. CONCLUSIONS.
We have performed a comprehensive study of the 2D S=1/2 square-lattice AF Cu(pz) 2 (ClO 4 ) 2 using a collection of experimental techniques, including specific heat measurements, neutron diffraction and neutron spectroscopy. The HT phase diagram was mapped out for magnetic fields up to µ 0 H = 9T applied parallel and perpendicular to the Cu 2+ square-lattice planes, showing that the HT boundaries of the ordered phase have the same field dependence. This result shows that the dominant exchange interactions between nearest spins are close to the isotropic limit. Applied magnetic fields induces XY spin anisotropy leading to quench of quantum fluctuations, as we observed in the specific heat measurements.
Neutron diffraction confirms the HT phase diagram obtained from macroscopic measurements and extends it up to µ 0 H = 13.5 T. The ordered magnetic moment of Cu 2+ ions at zero field, m 0 = 0.47(5) µ B , is reduced from the expected value, indicating the existence of strong quantum fluctuations in the ground state. Magnetic fields quench quantum fluctuations and significantly increase the size of the ordered magnetic moment to m 0 = 0.93(5) µ B at µ 0 H = 13.5 T. Therefore neutron diffraction confirms the suppression of quantum fluctuations by field-induced anisotropy seen in our specific heat measurements. The study of the ordered magnetic structure by neutron diffraction shows 2D antiparallel alignment of spins at the neighbor sites.
At zero field, we observed a well-defined magnon mode using neutron spectroscopy. Its dispersion is described by the spin Hamiltonian with slightly anisotropic NN interaction with xy-and z-components equal to J . Therefore the closeness of the dominant exchange interaction J 1 to the isotropic limit measured by neutron spectroscopy explains the similarity of the HT phase diagrams obtained by specific heat measurements in magnetic fields applied parallel and perpendicular to bc-plane.
Our results obtained by three different experimental techniques confirm and supplement each other clearly demonstrating that Cu(pz) 2 (ClO 4 ) 2 is the first weakly frustrated 2D S=1/2 AF on a square lattice with the absence of Dzyaloshinsky-Moriya interaction between NN. The measurements verify a relatively large 10.7(4)% zone-boundary dispersion and a rather strong magnetic continuum at the zone boundary. We associate these features with a resonating valence bond fluctuations which are enhanced by a small NNN AF interactions.
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VI. APPENDIX A: THE GROUP THEORY ANALYSIS. For C2/c space group, reciprocal lattice points are located at Q = (h, k, l) with h + k = 2n. The magnetic Bragg peaks were observed at Q 1 = (0, 1, 0) and at Q 2 = (0, 0, 1) indicating that only Q 2 can be the magnetic ordering vector. However, taking into account nearly identical crystallographic parameters b and c and the presence of bc and cb crystallographic domains, the magnetic Bragg peaks at Q 1 and Q 2 are indistinguishable. Therefore we can not identify whether the magnetic ordering vector is k = (0, 0, 1) or k = (0, 0, 0). The subgroups of the ordering wave vectors are identical and consist of four symmetry operations which belong to four different classes: 1, 2 b ,1 and m ac . Here, 1 is the identity, 2 b is a two-fold rotation around the b-axis, 1 is the inversion and m ac is a mirror plane in the ac plane. Therefore, there are four one-dimensional irreducible representations whose characters are summarized in the character table given in Tab. II. The decomposition equation for the magnetic representation is Γ mag = 1Γ 1 + 1Γ 2 + 2Γ 3 + 2Γ 4 . The six basis vectors presented in Tab. III are calculated for two Cu 2+ positions in primitive unit cell using the projection operator method acting on a trial vector φ α Assuming the system in the antiferromagnetic Nèel ground state with spins pointing along z and −z direc- 
